Abstract. Rheometry serves as a method for the determination of effective length vectors of short antennas by means of electrolytic tank measurements. This paper reports on the application of rheometry to the three linear monopoles mounted for the purposes of the Radio and Plasma Wave Science Experiment on the Cassini spacecraft, which will fly to planet Saturn. The voltage signals induced by incoming waves from the Saturnian radio emissions will be recorded for further evaluation. By direction-finding techniques one will trace back from the collected data to the source regions of the received radio waves and determine the wave polarization. An accurate direction finding is only possible if the effective length vectors of the antennas, which are affected by the spacecraft body, are known to a certain degree of accuracy. It is investigated how rheometry enables the determination of the effective length vectors with the help of a scale model. After a detailed discussion of the fundamentals of rheometry, the application of rheometry to the Cassini scale model is described. The results of the measurements are graphically depicted and discussed with the requirements for direction finding taken into consideration. Finally, an overview of the inflight antenna calibration is given, which will be possible by utilizing the strong Jovian radio emissions during Cassini's Jupiter flyby.
Introduction
Cassini will be the fourth spacecraft visiting the planet Saturn. Its mission, unlike that of the former Pioneer 11 and Voyager 1 and 2, will mainly concentrate on Saturn. One major object of the Radio and Plasma Wave Science (RPWS) Experiment on Cassini is the investigation of Saturnian radio emissions in the low-frequency range, roughly from 1 kHz up to 1 MHz. This is accomplished by directionfinding techniques, which are meant to infer the parameters of waves incident upon the spacecraft from the received voltage signals, and further, to trace back to the source locations (the determined wave parameters include not only the direction of propagation but also the wave polarization). For that purpose, there are three linear antenna elements (each 10 m in length) mounted on Cassini, thereby allowing direction finding without spinning the spacecraft [Lecacheux, 1978] . The antennas are electrically short, i.e., short compared with the wavelength of radio waves in the frequency range of interest. The most important quantity in dealing with short antennas is the effective length vector. It represents the Space Research Institute, Graz, Austria. Observatoire de Paris-Meudon, Meudon-Cedex, France.
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0048-6604/96/96RS-01972511.00 directional dependence of the reception properties of an antenna (the receiver input impedance is very high so that the antenna impedance plays no role). It is crucial to the direction-finding analysis that the antennas be short. An accurate direction finding is very difficult in the high-frequency range, as effective length vectors get complex and direction and frequency dependent. Ortega-Molina and Daigne [1984] studied these effects for linear antennas with regard to the Voyager Planetary Radio Astronomy (PRA) experiment, based on King [1956] . Ortega-Molina and Lecacheux [1991, p. 11,451] stated that "PRA instrumental characteristics (channel bandwidth and spacing, level of interferences, sensitivity, polarization response) change drastically near 1-2 MHz." The variation of effective length vectors in the highfrequency range plays an important role in this context, which cannot easily be taken into account. That is why direction finding using the short antenna approximation is only valid for frequencies up to some megahertz. An accurate direction finding in this frequency range requires the exact knowledge of the antenna's effective length vectors, as has been confirmed in the course of the Voyager PRA data evaluation [Leblanc and Daigne, 1985] .
There are, in principle, three methods conceivable for the determination of effective length vectors: numerical calculations, experiment, and calibration. were performed by Riddle [1976] for the Voyager PRA antennas, which showed that this method is not as straightforward as one could suppose. Employed frequencies lay in the order of 100 MHz and above. Dealing with quasi-static fields would make experiments much easier. Utilizing the fact that the effective length vector of a short antenna does not change down to very low frequencies (actually, to the electrostatic limit; see explanation below), a method applying quasi-static fields of about 1 kHz in an electrolytic tank can indeed be developed for the determination of the effective length vector. The name "rheometry" is borrowed from former authors concerned with this method; the validity of the electrostatic methods is briefly discussed by Hoang [1972] and the experimental performance by Hulin and Epstein [1973] , both of which are within the context of "Projet Pyramide." The principles underlying the method of rheometry are introduced in section 2. Section 3 reports on the rheometry measurements as applied to a scale model of the Cassini spacecraft. The design of the model, including the RPWS antennas, is described, and the measurement procedure for the determination of the effective length vectors of the antennas is explained in detail. The results are presented in tabular and graphical form, and the given interpretation is supplemented by an error discussion. Finally, section 4 surveys the calibration of the RPWS antennas that is planned during Cassini's Jupiter flyby by utilizing the strong radio emissions from Jupiter, which are well known from former Voyager missions.
Method of Rheometry

Determination of Effective Length Vectors
The investigation of the reception properties of antennas can be considerably simplified for electrically short antennas, i.e., for those which are much smaller than the wavelength of the received electromagnetic wave, by the concept of a vectorial effective length vector. The antenna may be part of a system of antennas and parasitic conductors. As long as the whole system is very small in extent compared with the wavelength, each antenna included in the system can be treated as a short antenna. It is characteristic of a short antenna that a constant real vector, the effective length vector heft, can be associated with it, so that the voltage V induced at the open terminals of the receiving antenna is given by V = E' heft,
with E as the electric field strength of the incident wave. The vector is constant (independent of frequency and direction of the incident wave) only in the frequency range where the antenna can be considered to be short. For an isolated linear antenna, hef t equals half the vectorial physical length (parallel to the antenna rods). However, this is not the case when the linear antenna is part of a more complicated system since, in general, hef t is altered in its magnitude and tilted away from the physical direction by the influence of parasitic bodies. Rheometry is an experimental method devised for the determination of effective length vectors of short antennas using an electrolytic tank. For the time being we discuss the measurements as if they were performed in vacuum, and thus the results would immediately apply to the case of the real deployment. Since (1) is valid down to the low-frequency limit, a homogeneous static or quasi-static electric field can be used to simulate the electromagnetic plane wave incident to the antenna system. This facilitates the setup for the measurement. For reasons that will become clear later on, static fields must be excluded, and we are forced to use an ac quasi-static electric field.
According to (1), the effective length vector heft of the antenna can be determined by turning the antenna into the position of maximum voltage response Vmax. Then hef t is parallel to E and the magnitude of hef t directly follows from (1). However, this method can only be used to measure the magnitude Ihel, not to obtain the direction of hef t accurately, as the voltage response V is very insensitive to small deviations of hef t from the direction of E. For small angles a between E and heft, V is given by v: Itl Iheffl(1 -a2/2). 
Here we introduced /• as the angle of revolution of the whole antenna system about a fixed axis perpendicular to E, and •/as the angle between the revolution axis and heft, thereby/•0 being the value of the revolution angle /3 for zero voltage response. V changes sign when hef t traverses the plane orthogonal to E, as it linearly depends on/• near/•0. Therefore/•0 can be determined accurately by observing the behavior of V around the zero response position. Of course, /3o does not yield the direction of hef t but establishes a plane in the reference frame of the antenna system to which hef t is parallel. The measurement can be repeated for different revolution axes to get at least two noncoplanar planes, the intersection of which uniquely determines the direction of the effective length vector hef t .
Measurements in Electrolytic Media
So far we have not specified the medium in which the electric field is to be sustained. In fact, it would not be possible to perform the measurements in air, as the voltage at the antenna terminals would be considerably altered when a voltmeter is connected. The reason is that the impedance of the antenna is very high in the quasi-static frequency range. The capacitances of the various antenna configurations on the Cassini model measure a few picofarads in air, corresponding to a reactance in the order of some 100 Mf• for a frequency of about 1 kHz that we used in our measurements. It is clear that the input impedance of any measuring voltmeter would substantially perturb the measurement conditions. In the electro- 
As a consequence, the antenna impedance is dominated by the resistance of the electrolyte, which is very small compared with the input impedance of the voltmeter. In other words, the current drawn by the voltmeter is negligible compared with the current flowing through the electrolyte, so the former has only a minor effect on the structure of the potential in the electrolyte. We shall resume this argument later for a more precise and quantitative formulation. When maintaining an electrostatic field through an electrolytic medium, one has to cope with polarization effects, which result in an addition of surface impedance to the resistance of the electrolyte. The surface impedance consists of a resistance and a capacitance in parallel [cf. Einstein, 1951 , and references therein]. These effects make it impossible to use an electrostatic field in the electrolyte. However, in employing alternating electric fields, the influence of polarization can be made negligible as it decreases by increasing frequency. Exceeding 2 kHz does not significantly improve the situation, so suitable operating frequencies are in the range of 1-2 kHz (relevant experimental parameters are given by Einstein [1951] ). Using too high a frequency would destroy the quasi-static nature of the electric field. For our measurements we therefore decided in favor of a frequency of about 1.03 kHz, where the odd number is chosen for being apart from multiples of the main frequency of 50 Hz. The homogeneous electric field meeting the simulation condition is generated by a capacitor consisting of two parallel plates in the electrolyte. The electric field between the plates would be perfectly homogeneous only if the plates were of infinite extent. In practice the electric field is sustained in a tank, the short sides of which are metallic, thereby representing the capacitor plates (see Figure 1) . The tank is filled with the electrolytic medium. At the four long sides of the tank the time-harmonic electric field strength in the electrolyte, E(r, t) -E(r)e iø•t, and that outside in air, EeXt(r, t) -EeXt(r)e iø•t, are coupled by the boundary conditions n x E = n X E ext,
•0
n. E = n. E ext (6) where n is the respective unit surface normal and e denotes the complex dielectric constant of the electrolyte defined by (e real permittivity) e--e-i For our purposes the surrounding air is equivalent to vacuum, with permittivity e 0 and permeability ix 0.
Since s 0 << Isl, the boundary conditions assert that E is practically tangential to the surface of the tank at its long sides. This is the reason why the electric field is homogeneous to a very good approximation within the electrolytic tank.
Equivalence of Field Solutions in Measurement and Real Receiving Situations
As mentioned above, heft • can be inferred from the dependence of V on the antenna orientation in a homogeneous low-frequency electric field. If the measurements could be performed in vacuum, the results would directly give the desired effective length vectors. However, the measurement must be carried out in an electrolyte. How can hef t be determined under this condition? In order to be able to proceed as proposed for the vacuum case (discussion following (2) and (3)), the following equivalence must hold: The electric field generated under measurement conditions in the electrolyte has the same form as that induced by the incident electromagnetic wave in the analogous situation in vacuum, i.e., they are proportional to each other. In this context, "analogous" means that the position of the antenna system with regard to E is the same. It is left to compare the governing differential equations. As in the electrolyte, E obeys a Helmholtz equation (8) in vacuum but with k substituted by k0 --2rr/X. The vacuum wavelength Pt of the received electromagnetic wave is much greater than the dimension d of the antenna system since short antennas are assumed. As long as the wavelength satisfies this condition, the antenna effective length vector heft5 is representative of the reception properties of this antenna, as explained above, independent of frequency down to the electrostatic limit. Since E is LaplaCian in the electrostatic limit, this argument shows that assuming the antenna to be short amounts to neglecting k2E in the Helmholtz equation. Trans- Figure 2 . The figure also shows how the spacecraftfixed coordinate system is defined: the x axis opposite to the Huygens probe, the y axis in the direction of the magnetometer boom, and the z axis opposite to the high-gain antenna. In this reference frame, spherical The given values represent spherical coordinates in the spacecraft-fixed reference frame (see . We thus are able to select time periods for roll maneuvers of the Cassini spacecraft (around its z axis) during which the antenna response of a given antenna is modulated in such a way that it crosses two zeros per complete turn. A zero response occurs when the effective length vector her of the antenna points toward the Jovian radio source, since her then stands orthogonal to the electric field strength E of the incoming electromagnetic wave. We already learned from (3) that such geometries are required since they allow the her direction to be accurately determined. In-flight calibration can confirm and improve the results of rheometry measurements. It is pointed out by Ladreiter et al. [1995] that the capabilities of the RPWS direction finding heavily depend on the careful calibration of the antenna system, whose importance is already known from the former Voyager and Ulysses missions. An efficient calibration requires good initial values, which can be provided by the rheometry results. Calibrations using Jovian radio sources will be performed when the HP is still onboard the spacecraft, whereas data aquisition from Saturnian radio waves will begin after the HP will have been jettisoned toward Titan. Therefore it is particularly essential to know the alteration of effective length vectors with the HP removal.
Conclusion
Rheometry enables the determination of the effective length vectors of short antennas by investigations using an electrolytic tank. It is possible to simulate the wave incident to the short antenna by a low-frequency (quasi-static) electric field, as the antenna effective length vector concept is valid, independent of frequency, down to the electrostatic limit. Since the antenna impedance is too high in air to enable a measurement of the induced voltage, an electrolytic environment is provided so as to prevent, unlike in air, the connected voltmeter from affecting the exper- An inflight calibration of the antennas can be performed during the Jupiter flyby by utilizing the strong radio emissions from the planet. This will enable a confirmation of the rheometry results. We can expect the results to be in good agreement, but we must not forget that the Cassini model for rheometry has been configured according to a preliminary version of the spacecraft design. So deviations larger than the directional accuracy of about 2 ø of the effective length vectors found by rheometry could be possible. Inflight calibration will be able to render an adaptation of the effective length vectors, thus this procedure is highly recommended.
